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Our knowledge of the Universe comes from 
observing electromagnetic waves and from the 

detection and study of elementary particles 



Gravitational Waves



The mass of the 
Sun curves the 
space around it

The planets follow 
the shortest path in 

the curved space

• In General Relativity matter tells space how 
to curve and space tells matter how to 
move



• When massive objects move around, the 
curvature of space changes

• Information about this change travels out at 
the speed of light as ripples in spacetime

• We call these ripples gravitational waves



• Gravitational waves are not just a different 
wavelength, they are a different spectrum

• Gravitational waves contain information 
about the sources that generated them

• Their detection would give us insight into
fundamental physics and astronomy



Fundamental questions that 
gravitational-wave observations can answer

Is general relativity the correct theory of gravity?

What is the nature of one of the four fundamental forces?

What happens when two black holes collide?

Do black holes really have no hair?

What are the progenitors of short gamma ray bursts?

What is the engine that powers them?



Fundamental questions that 
gravitational-wave observations can answer

How does core collapse power a supernova?

Is there a mass gap between neutron stars and black holes?

What is the maximum mass of a neutron star?

What is the nuclear equation of state at very high densities?

What new physics lies beyond the microwave background?

What happened in the earliest moments of creation?



• Gravitational wave stretch and squeeze the 
distance between freely falling objects

• The strength of a gravitational wave is given 
by the strain h(t) = change in length / length



• Typical strains on Earth for astrophysical 
sources are
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Proxima Centauri

4.2 light years Imagine measuring this 
distance to a precision of 

ten microns



• The radiated energy is enormous

• c.f. 

• Solar luminosity L ~ 1033 erg/s

• Gamma Ray Bursts L ~ 1049-52 erg/s
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Laser Interferometers



Michelson interferometer
Gravitational waves

stretch and squeeze the 
detector’s arms

Beam splitter

Mirror

Mirror

Laser

Photodiode



The Laser Interferometer
Gravitational-wave Observatory: LIGO





LIGO Livingston
Observatory

LIGO Hanford
Observatory

Abbott,..., DAB, et al, Rep. Prog. Phys. 72, 076901 (2009)



Virgo
Near Pisa, Italy

Three 
detectors on 

two 
continents



Decades of work in gravitational-wave 
detector science is about to pay off

1972

Weiss’ design for a 
first-generation 

gravitational-wave 
interferometer: 

LIGO

1994

Construction 
of LIGO 
facilities

2005

Initial LIGO reaches design sensitivity



Opening a new field of physics
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Initial LIGO 
demonstrated that 
we can measure 
displacements of 

10-19 m

“Scientists now have ground-based interferometric detectors 
that are on a path to reaching the sensitivity at which the 

detection of gravitational waves is virtually assured.”
National Academy of Sciences 2010 Decadal Survey of Astronomy and Astrophysics



Advanced LIGO will detect gravitational 
waves from astrophysical sources

1996
Advanced 

LIGO funded:
construction 

begins

2008

2015
Advanced LIGO begins 

observations of the 
gravitational-wave sky

Planning of 
second-generation 
detectors begins:  
Advanced LIGO
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Advanced LIGO

 

 

Early (2015, 40 − 80 Mpc)
Mid (2016−17, 80 − 120 Mpc)
Late (2017−18, 120 − 170 Mpc)
Design (2019, 200 Mpc)
BNS−optimized (215 Mpc)

10
1

10
2

10
3

10
−24

10
−23

10
−22

10
−21

frequency (Hz)

st
ra

in
 n

o
is

e
 a

m
p
lit

u
d
e
 (

H
z−

1
/2

)

Advanced Virgo

 

 

Early (2016−17, 20 − 60 Mpc)
Mid (2017−18, 60 − 85 Mpc)
Late (2018−20, 65 − 115 Mpc)
Design (2021, 130 Mpc)
BNS−optimized (145 Mpc)

Figure 1: aLIGO (left) and AdV (right) target strain sensitivity as a function of frequency. The
average distance to which binary neutron star (BNS) signals could be seen is given in Mpc. Current
notions of the progression of sensitivity are given for early, middle, and late commissioning phases,
as well as the final design sensitivity target and the BNS-optimized sensitivity. While both dates
and sensitivity curves are subject to change, the overall progression represents our best current
estimates.

BNS ranges for the various stages of aLIGO and AdV expected evolution are also provided in Fig. 1.
The installation of aLIGO is well underway. The plan calls for three identical 4 km interfer-

ometers, referred to as H1, H2, and L1. In 2011, the LIGO Lab and IndIGO consortium in India
proposed installing one of the aLIGO Hanford detectors, H2, at a new observatory in India (LIGO-
India). As of early 2013 LIGO Laboratory has begun preparing the H2 interferometer for shipment
to India. Funding for the Indian portion of LIGO-India is in the final stages of consideration by
the Indian government.

The first aLIGO science run is expected in 2015. It will be of order three months in duration,
and will involve the H1 and L1 detectors (assuming H2 is placed in storage for LIGO-India). The
detectors will not be at full design sensitivity; we anticipate a possible BNS range of 40 – 80Mpc.
Subsequent science runs will have increasing duration and sensitivity. We aim for a BNS range of
80 – 170Mpc over 2016–18, with science runs of several months. Assuming that no unexpected
obstacles are encountered, the aLIGO detectors are expected to achieve a 200Mpc BNS range circa
2019. After the first observing runs, circa 2020, it might be desirable to optimize the detector
sensitivity for a specific class of astrophysical signals, such as BNSs. The BNS range may then
become 215Mpc. The sensitivity for each of these stages is shown in Fig. 1.

Because of the planning for the installation of one of the LIGO detectors in India, the installation
of the H2 detector has been deferred. This detector will be reconfigured to be identical to H1 and
L1 and will be installed in India once the LIGO-India Observatory is complete. The final schedule
will be adopted once final funding approvals are granted. It is expected that the site development
would start in 2014, with installation of the detector beginning in 2018. Assuming no unexpected
problems, first runs are anticipated circa 2020 and design sensitivity at the same level as the H1
and L1 detectors is anticipated for no earlier than 2022.

The commissioning timeline for AdV [3] is still being defined, but it is anticipated that in
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Aasi, ..., DAB, et al. (LSC and Virgo) arXiv:1304.0607



Compact binary 
coalescence (CBC): 
inspiral, merger and 
ringdown of black 
holes and neutron stars

Sources of
Gravitational Waves

Short bursts: 
supernovae,  
unmodeled transient 
sources

Stochastic 
sources: 
gravitational wave 
background from the 
big bang

Continuous 
Sources: 
spinning 
neutron stars



Radio observations of 
binary pulsars confirm that 
energy loss is consistent 
with gravitational waves

Binary Pulsars

Radio detections of 10 
binary pulsars in our galaxy

Weisberg, Nice, Taylor ApJ 722 1030 (2010)John Rowe Animation



• LIGO’s most likely source is Binary Neutron 
Stars: BNS rate is 0.4 - 400 yr-1

• Two observations of x-ray binaries that will 
likely evolve to Binary Black Holes (IC10-X1, 
NGC300-X1)

• LIGO Binary Black Hole rate 0.4 - 1000 yr-1

• Neutron star-black hole rate 0.2 - 300 yr-1

Abadie, ..., DAB, et al. (LSC and Virgo) Class Quant Grav 27 173001 (2010)



Binary Coalescence

Peters and Mathews Phys Rev 131 435 (1963)



Binary Coalescence

time → gr
av

ita
tio

na
l

w
av

e 
st

ra
in

 

Peters and Mathews Phys Rev 131 435 (1963)



• Waveforms “known” so use matched filtering

• Detector data contains non-Gaussian 
transients which complicates search

�a|b⇥ = 4Re

Z f
high

f
low

ã(f)b̃(f)

Sn(f)
df� =

�s|h⇥p
�h|h⇥

Detecting Compact Binaries

Allen, Anderson, Brady, DAB, Creighton Phys Rev D 85 122006 (2012)
Babak,..., DAB, et al. Phys Rev D 87 024033 (2013)



Template bank

• Place a grid of 
waveforms so that 
no more than 3% of 
SNR is lost due to 
mismatch between 
signal and nearest 
template

  

Efficiencies of a hexagonal template bank placement Efficiencies of a hexagonal template bank placement 
to search for gravitational  waves from inspiralling to search for gravitational  waves from inspiralling 

compact binaries in ground-based detectors. compact binaries in ground-based detectors. 

Previous work (square bank)

Conclusion and perspectives

Thomas Cokelaer 
Cardiff University, U.K 

G070410-01-Z

Potential of the proposed template bank
The proposed hexagonal template bank was designed and tested to search for inspiralling compact binaries in the context of  
stationary phase approximant model at 2PN (the metric is based on this partcular model).
 
There are other template families such as Pade resummation, Effective One Body. Therefore, we tested the template bank 
with those models as well (where both injections and templates are based on the same model). As we can see in Fig. 6,  the 
proposed bank has also a remarkable good efficiency for the different models that have been used in this test.

The search for gravitational waves emitted by inspiralling compact binaries in the data from ground based 
detectors such as LIGO is based on matched filtering, which makes use of accurate theoretical waveforms (i.e., 
templates) that are available. 

The signals we are searching for can be emitted by a wide variety of 
binary systems such as binary neutron stars (BNS), binary black
hole (BBH), primordial  black holes (PBH) and/or binary black hole
neutron star (BHNS). Therefore, signals can be very different from
each other, both in amplitude and duration (e.g., see  Figure 1).

Because the parameters of the signals (i.e., component masses) are unknown, we filter the data with a discrete 
set of templates, known as template banktemplate bank. We present an original template bank placementtemplate bank placement for the search of 
non-spinning compact binaries that is currently used to search for inspiralling compact binaries in LIGO data 
(S5). This template bank is shown to be efficientefficient  for any type of binary systems belonging to the list above 
(BBH, BNS... ).

We present the template bank placement that was developed to optimally cover the parameter space. We 
performed exhaustive simulations so as to test and validate the proposed bank. We also show that the same 
template bank  can be used with various physical template families such as EOB, or Pade at 2PN order. 

Figure 1

Introduction

In a previous work [1], we developed and tested a template bank (square bank) which is based on a metricmetric defined 
on the signal manifold, where we consider both signal and template as part of the same physical template family 
that is the Stationary Phase Approximation (SPA)Stationary Phase Approximation (SPA)  model. Using this metric, we can estimate the distance 
between two infinitesimally separated normalized templates :

The templates are  chosen such that any signal filtered with the template bank has a match larger than a minimal minimal 
match, MMmatch, MM, given by  

We intensively tested the  square bank in the context of BNS, BBH, BHNS, and PBH signals, and for various design 
sensitivity curves as LIGO, advanced  LIGO, VIRGO and GEO. The drawback of the square bank, as expected, is 
that it is over-efficientover-efficient (i.e., matches are systematically greater than MM, as shown in Fig.2 and 3). See [1] for more 
details on the placement itself or interpretation of the simulations that were made. The square template bank was 
used to search for PBH and BNS in S1, S2, S3 and S4 LIGO searches [2,3,4,5].

In Fig. 2 and 3, we show two figures of merit that show the efficiency of the square template bank to filter BNS 
signals. Both signals and templates are based on SPA model. We used 4 design sensitivity curves and 10,000 
injections for each of them. Figure 2 shows the cumulative distribution of matches (left) and matches versus  total 
mass (right).

In order to avoid the over-efficiency effect of the square lattice, we developed a 
hexagonal placement that reduces the size of the previous bank by 40% while keeping 
matches above the requested minimal match. The main difficulty of the placement is 
that distances between templates, which are defined by the metric components, are 
not constant over the parameter space. The orientation of the ambiguity function, is 
not constant either. 
The placement, in a nut-shell, works as follows. We represent each template by an 
ellipse, for which any signal within its boundary is guarantee to have a match higher 
than MM. We use a hexagonal placement, so each template has 6 neighbors. 
Because the metric is not constant in the parameter space, we cannot place templates 
on a constant lattice.  We start to lay a single template (Fig 3.a), and we assume local 
flatness around it. Therefore, 6 new templates are placed at the same distance in 6 
directions (hexagonal lattice) as in Fig.3.b. Then, we loop over the 6 new templates so 
as to compute the metric for each of them. Each new template extend in at most 6 
directions, however, template have already been placed, therefore, in general, the 
number of new templates is restricted to 3, as in Fig3.e. The placement evolves until 
the parameter space is filled. The tricky part of the placement is that connections are 
set (fig3.c) between templates so that 2 templates can not be placed at the same 
location. The placement evolves like a snail shell until the whole parameter space is 
covered. See [6] for more details on the placement. 

EOB, BBH TaylorT1 BNSPadeT1, BHNS

Therefore, we can use the proposed template bank to search for various physical template families. We will test it for 
various PN order, and for amplitude corrected waveforms. 

Adaptive Hexagonal Placement (2/2)

Simulations

Figure 5 d,  BBH injections, SPA model

We tested the bank by performing 100,000 SPA injections 
for 5 different design sensitivity curves,  and using the 
same template family for the template bank.

The Fig.5.a shows the BNS results. Injections are found 
with matches above the requested minimal match. We can 
compare the results with the one obtained in  Fig 2. The 
hexagonal placement is not over-efficient, as required. 

The Fig. 5.b  shows the results for PBH injections. The 
difficulty here is that the number of templates is rather 
large (>100,000). 

The BHNS injections shows also that matches are found 
above MM (Fig 5 c). 

In the case of BBH, some injections are below the 
requested MM, when total mass is rather high (Fig 5.d.).  
This corresponds to short template duration, where the 
metric computation is not a good approximation anymore. 
Most of the BBHs are still recovered with match above MM. 

Table II summarizes the template bank sizes needed for 
different parameter space and design sensitivity curves. 

In Fig. 4, we plot an instance of the square and hexagonal 
placement for the same part of the parameter space. For 
convenience, we modified the metric components so that 
ellipses have small eccentricities. We can see that the 
hexagonal placement requires less templates to cover the same 
area. 

The square placement aligns templates along the axis of the 
two chirp times parameters whereas the hexagonal placement 
aligns templates along the eigen-directions.

Table I gives the reduction of template bank size between the 
square and hexagonal placements, which is about 40% 
(expectation was about 30%).

The computational cost is of the order of a few seconds, which 
is negligible as compared to time spent in reading the data. 
Table II includes the time needed to write the bank which is 
about 6 seconds in the BBH case. 

References:

[1] S. Babak and R. Balasubramanian and D. Churches and T. 
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Over-efficientOver-efficient

Over-efficient

Figure 2. Efficiency of the square bank. BNS templates and injections based on 
SPA model.

Adaptive Hexagonal Placement (1/2)Adaptive Hexagonal Placement (1/2)

Figure 3

(a)

(c)

(e)

(d)

(b)

(f)

Figure 5 a,  BNS injections, SPA model

Figure 5 a,  PBH injections, SPA model

Figure 5 c,  BHNS injections, SPA model

Table III. Bank sizes

Figure 4

Table I. Bank 
size gain by 
using the 
hexagonal 
bank 

Table II.
Computation
al cost. 

Figure 6

We developed a hexagonal template placement that is currently used to search for inspiralling compact binaries into LIGO S5 data. 

The placement is close to optimality and fast. It uses an hexagonal placement that reduces by 40% the number of templates required to 
cover the astrophysically pertinent parameter space with respect to the previous template bank that was used in S1, S2, S3 and S4 LIGO 
data. The proposed template bank  can be used to search for BNS, BBH, BHNS, and PBH binary searches.

We performed exhaustive simulations to show that  efficiency of the template bank lies between unity and the requested minimal match. We 
also emphasizes the fact that many theoretical waveforms can be used with this template bank: we can search for signals based on EOB, 
Pade or Taylor models (time domain) in addition to the usual stationary phase approximation model. 

Owen and Sathya PRD 60, 022002 (1999)
Babak et al. Class.Quant.Grav. 23 5477 (2006)

DAB, Harry, Lundgren, Nitz PRD 86 084017 (2012)



 Simulating Extreme Spacetimes

Boyle, DAB, Kidder, Mroue, Pfeiffer, Scheel, Teukolsky, PRD 76 124038 (2007)
Scheel, Boyle, Chu, Kidder, Matthews, Pfeiffer PRD 79 024003 (2009)

At high masses, high 
mass ratios or if the 

black holes are spinning, 
the approximations used 

to model BNS break 
down: need full 

numerical solution of 
Einstein Equations



• Gravitational-wave detectors will explore 
the dynamics of orbits and mergers in the 
most strongly curved spacetimes

The inspiral of a neutron 
star into an intermediate 

mass black hole will 
probe the structure of 

the black holes’ spacetime 

DAB, Brink, Fang, Gair, Li, Lovelace, Mandel, Thorne PRL 99 201102 (2007)
Mandel, DAB, Gair, Miller ApJ 681 1431 (2008)



Early Inspiral Late Inspiral/Merger Ringdown
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Buonanno and Damour, PRD 59 084006 (1999)
Pan et al. PRD 84 124052 (2011)

Taracchini et al. PRD 86 024011 (2012)
DAB, Kumar and Nitz PRD 87 082004 (2013) 

Kumar, MacDonald, DAB, Pfeiffer, Cannon et al. PRD 89 042002 (2014)

We can construct searches using 
waveforms modeled by a combination of 
post-Newtonian theory, numerical relativity 
and perturbation methods



Challenges

• Gravitational wave phasing depends on 
masses, spins, finite size effects...

• But to leading order just depends on the 
“chirp mass”

• Other parameters can be degenerate or 
hard to measure

M =
(m1m2)3/5

(m1 +m2)1/5



(M, ⇤, s1, s2, L̂N ,�, ⇥, . . .)
(M = m1 + m2,

� = m1m2/M
2)

Non-spinning Spinning

h(t)

t t

Apostolatos, Cutler, Susssman, Thorne PRD 49 6274 (1994)
Apostolatos PRD 52 605 (1995)

Kidder PRD 52 821 (1995)
Buonanno, Chen, Vallisneri PRD 67 104025 (2003)

Pan, Buonanno, Chen, Valisneri PRD 69 104017 (2004)
DAB, Lundgren, O’Shaugnessy PRD 86 064020 (2012)



• Can we probe the “mass gap” between 
neutron stars and black holes?

• Can high mass black hole detection probe 
the initial mass function and common 
envelope?

Dominik, et al. ApJ 52 759 (2012)



• We know that we measure the chirp mass 
most accurately (~0.01% for BNS) and 
symmetric mass ratio less accurately 
(~1.3% for non-spinning BNS systems) 

• Spin and mass ratio can be degenerate in 
the phase evolution and this can impact our 
ability to measure the mass ratio:



• (1.35,1.35) Msun BNS signal

• What systems could be degenerate with this?
Hannam, DAB, Fairhurst, Fryer, Harry Astrophys J Letters 766 L14 (2013)



• There is a degeneracy between BNS, 
NSBH, and BBH

Hannam, DAB, Fairhurst, Fryer, Harry Astrophys J Letters 766 L14 (2013)



• Merger-ringdown can help break the 
NSBH/BBH degeneracy, but we need an 
accurate waveform to do this

Hannam, DAB, Fairhurst, Fryer, Harry Astrophys J Letters 766 L14 (2013)



• Observing an EM counterpart (GRB, 
orphan afterglow, kilonovae) would help 
break degeneracy

Hannam, DAB, Fairhurst, Fryer, Harry Astrophys J Letters 766 L14 (2013)



Li and Paczynski (1998); Kulkarni (2005);
Rosswog (2005); Metzger et al. (2010)

Kilonova: neutron rich matter ejected in 
tidal tails and disk wind leads to EM emission



• GWs come directly 
from bulk motion 
of the source

• EM emission is highly 
reprocessed

• Lots of complementary 
information for us to 
extract from observations

Joint EM-GW observations will give us the host galaxy, 
association with stellar population, accurate distance, 

merger hydrodynamics, jet formation, etc.
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Figure 2: Source localization by triangulation for the aLIGO-AdV network. The locus of constant
time delay (with associated timing uncertainty) between two detectors forms an annulus on the
sky concentric about the baseline between the two sites. For three detectors, these annuli may
intersect in two locations. One is centered on the true source direction, S, while the other (S0) is
its mirror image with respect to the geometrical plane passing through the three sites. For four or
more detectors there is a unique intersection region of all of the annuli. Figure adapted from [22].

bandwidth is ⇠ 100Hz, determined by the most sensitive frequencies of the detector. For shorter
transients the bandwidth �f depends on the specific signal. For example, GWs emitted by various
processes in core-collapse supernovae are anticipated to have relatively large bandwidths, between
150-500Hz [23, 24, 25, 26], largely independent of detector configuration. By contrast, the sky
localization region for narrowband burst signals may consist of multiple disconnected regions; see
for example [27, 12].

Finally, we note that some GW searches are triggered by electromagnetic observations, and in
these cases localization information is known a priori. For example, in GW searches triggered by
gamma-ray bursts [10] the triggering satellite provides the localization. The rapid identification of
a GW counterpart to such a trigger could prompt further followups by other observatories. This
is of particular relevance to binary mergers, which are considered the likely progenitors of most
short gamma-ray bursts. It is therefore important to have high-energy satellites operating during
the advanced detector era.

Finally, it is also worth noting that all GW data are stored permanently, so that it is possible
to perform retroactive analyses at any time.

3.2 Detection and False Alarm Rates

The rate of BNS coalescences is uncertain, but is currently predicted to lie between 10�8 �
10�5Mpc�3 yr�1 [28]. This corresponds to between 0.4 and 400 signals above SNR 8 per year
of observation for a single aLIGO detector at final sensitivity [28]. The predicted observable rates
for NS-BH and BBH are similar. Expected rates for other transient sources are lower and/or less
well constrained.

The rate of false alarm triggers above a given SNR will depend critically upon the data quality of

11

Chatterji et al. Phys Rev D 74 0802005 (2006), Fairhurst New J.Phys. 11 123006 (2009)

Source Localization with a network



Number of 
BNS 

detections

Localized to 
5 deg sq

Localized to 
20 deg sq

2015 0.0004 - 3 - -

2016-7 0.006 - 20 2% 5 - 12%

2017-8 0.04 - 100 1 - 2% 10 - 12%

2019 0.4 - 400 3 - 8 % 8 - 28 %

Aasi, ..., DAB, et al. (LSC and Virgo) arXiv:1304.0607



Figure 5: Network sensitivity and localization accuracy for face-on BNS systems with advanced
detector networks. The ellipses show 90% confidence localization areas, and the red crosses show
regions of the sky where the signal would not be confidently detected. The top two plots show the
localization expected for a BNS system at 80Mpc by the HLV network in the 2016–17 run (left)
and 2017–18 run (right). The bottom two plots show the localization expected for a BNS system
at 160Mpc by the HLV network in the 2019+ run (left) and by the HILV network in 2022+ with
all detectors at final design sensitivity (right). The inclusion of a fourth site in India provides good
localization over the whole sky.

Estimated EGW = 10�2M�c2 Number % BNS Localized
Run Burst Range (Mpc) BNS Range (Mpc) of BNS within

Epoch Duration LIGO Virgo LIGO Virgo Detections 5 deg2 20 deg2

2015 3 months 40 – 60 – 40 – 80 – 0.0004 – 3 – –
2016–17 6 months 60 – 75 20 – 40 80 – 120 20 – 60 0.006 – 20 2 5 – 12
2017–18 9 months 75 – 90 40 – 50 120 – 170 60 – 85 0.04 – 100 1 – 2 10 – 12
2019+ (per year) 105 40 – 80 200 65 – 130 0.2 – 200 3 – 8 8 – 28

2022+ (India) (per year) 105 80 200 130 0.4 – 400 17 48

Table 1: Summary of a plausible observing schedule, expected sensitivities, and source localization
with the advanced LIGO and Virgo detectors, which will be strongly dependent on the detectors’
commissioning progress. The burst ranges assume standard-candle emission of 10�2M�c2 in GWs

at 150Hz and scale as E1/2
GW. The burst and binary neutron star (BNS) ranges and the BNS

localizations reflect the uncertainty in the detector noise spectra shown in Fig. 1. The BNS detection
numbers also account for the uncertainty in the BNS source rate density [28], and are computed
assuming a false alarm rate of 10�2 yr�1. Burst localizations are expected to be broadly similar
to those for BNS systems, but will vary depending on the signal bandwidth. Localization and
detection numbers assume an 80% duty cycle for each instrument.
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LIGO India: 17% (48%) of sources located to 5 (20) deg sq



P48: 
P60: 

P200: 

Palomar Observatory, Caltech/E. Bellm

P48 Survey telescope (≈7 deg2 FOV, R≈20.6 mag in 60 s)

P60 Robotic, photometric follow-up

P200 Spectroscopy, classificatioN

Palomar Transient Factory



Fermi Gamma Ray Bursts

NASA/GSFC

Fermi GBM has twice the detection 
rate of Swift BAT

70% of sky and better for short GRBs

But very coarse localization, so very 
hard to follow up and observe 
afterglows



P48 has ~ 7 square degree field of view

Tile the Fermi error box and follow up GBM GRBs



27,004 transient/variable candidates found by real-time iPTF analysis

26,960 not known minor planets

2740 sources without SDSS detections brighter than r’=21

43 sources detected in both P48 visits, presented to human scanners

7 sources saved by humans

3 afterglow-like candidates scheduled for follow-up

Fermi trigger on July 2, 2013



Add to Cart
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.
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z = 0.06 | Upload New Spectroscopy 
DM (approximate) = 37.11
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NED SIMBAD VizieR HEASARC SkyView PyMP Extinction

IPAC DSS WISE Subaru VLT Variable Marshal (Search) ADS

FOLLOW UP

PROGRAMS

Date  Program  Priority  Type  

2013 Jul 02  P60 Transient Vetting  5  phot  

2013 Aug 02  Transients in the Local Universe  2  phot  

GROUPS

Name  Cadence  Maximum Age  

griz <1 day follow-up  03:00:00  60 days  

ADD FOLLOWUP

Program: <-- Select Program -->

Observing Group: No Follow Up

Observation type: all  Priority: 1  (1=low, 5=high)      

ASSIGNMENTS

Date  Instrument  Priority  Comment  Status  

2013-07-
04  

P200+DBSP  2.0  Classification | Faint host. No limits. Good filler. (ofer)  pending  

2013-07-
09  

P200+DBSP  4.0  Classification | please classify for completeness in follow-up in
Fermi-GBM field (mansi)  

pending  

2013-07-
15  

P200+DBSP  5.0  Classification | please classify for completeness in follow-up in
Fermi-GBM field (mansi)  

pending  

Add to: 2013-08-12 APO+DIS (Mansi Kasliwal)  Priority: 1  (1=low, 5=high)

Request Type: Classification

Comment:       

COMMENTS
2013 Jul 16 sagi [redshift]: 0.06 
2013 Jul 16 sagi [classification]: SN II 
2013 Jul 16 sagi [phase]: +7 days 
2013 Jul 16 sagi [comment]: SSF best match is to SN 1987K at
+7 days [view attachment] 
2013 Jul 15 iair [info]: Observed at P200+DBSP 
2013 Jul 02 duncan [info]: Observation triggered by
Fermi/GBM trigger Fermi394416326 
2013 Jul 02 ofer [info]: Faint host. No limits. 
2013 Jul 02 ofer [type]: Transient 
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Attach File: no file selectedChoose File
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z = 2.405 | Upload New Spectroscopy 
DM (approximate) = 46.47

ADDITIONAL INFO

NED SIMBAD VizieR HEASARC SkyView PyMP Extinction

IPAC DSS WISE Subaru VLT Variable Marshal (Search) ADS

FOLLOW UP

PROGRAMS

Date  Program  Priority  Type  

2013 Jul 02  P60 Transient Vetting  3  phot  

2013 Aug 02  Transients in the Local Universe  2  phot  

GROUPS

Name  Cadence  Maximum Age  

griz <1 day follow-up  03:00:00  60 days  

ADD FOLLOWUP

Program: <-- Select Program -->

Observing Group: No Follow Up

Observation type: all  Priority: 1  (1=low, 5=high)      

ASSIGNMENTS

Date  Instrument  Priority  Comment  Status  

2013-07-
04  

P200+DBSP  3.0  Classification | Dwarf host, no prev. photom. Filler. In
Fermi394416326 error circle. (leo)  

pending  

2013-07-
09  

P200+DBSP  4.0  Classification | please classify for completeness in follow-up in
Fermi-GBM field (leo)  

pending  

2013-07-
15  

P200+DBSP  5.0  Classification | please classify for completeness in follow-up in
Fermi-GBM field (mansi)  

pending  

Add to: 2013-08-12 APO+DIS (Mansi Kasliwal)  Priority: 1  (1=low, 5=high)

Request Type: Classification

Comment:       

COMMENTS
2013 Jul 16 avishay [comment]: Resolved Mg II 2800A +
weak CIV 1549 
2013 Jul 16 sagi [classification]: AGN 
2013 Jul 16 sagi [info]: Quasar 
2013 Jul 16 sagi [redshift]: 2.405 
2013 Jul 15 iair [info]: Observed at P200+DBSP 
2013 Jul 02 duncan [info]: Observation triggered by
Fermi/GBM trigger Fermi394416326 
2013 Jul 02 ofer [info]: Dwarf/far-away host. No previous
photometry. 
2013 Jul 02 ofer [type]: Transient 
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NEW REF SUB SDSS

r = 17.6 (42.2 d) | Upload New Photometry 
 

z = 0.145 | Upload New Spectroscopy 
DM (approximate) = 39.19

ADDITIONAL INFO

NED SIMBAD VizieR HEASARC SkyView PyMP Extinction

IPAC DSS WISE Subaru VLT Variable Marshal (Search) ADS

FOLLOW UP

PROGRAMS

Date  Program  Priority  Type  

2013 Jul 02  P60 Transient Vetting  3  phot  

2013 Aug 02  Transients in the Local Universe  4  all  

2013 Aug 02  Transients in the Local Universe  4  all  

GROUPS

Name  Cadence  Maximum Age  

Bgriz 1 hr TILU  1 day  7 days  

group 1 day gri  1 day  150 days  

r snapshot  1 day  5 days  

ADD FOLLOWUP

Program: <-- Select Program -->

Observing Group: No Follow Up

Observation type: all  Priority: 1  (1=low, 5=high)      

ASSIGNMENTS

Date  Instrument  Priority  Comment  Status  

2013-
07-04  

P200+DBSP  5.0  Classification | Check if not already obtained with Lick. In
error circle of Fermi394416326. (leo)  

pending  

2013-
07-09  

P200+DBSP  5.0  Followup | LFC imaging (mansi)  pending  

2013-
07-11  

Keck2+DEIMOS  5.0  Followup | look for SN in spec (mansi)  pending  

2013-
07-15  

P200+DBSP  5.0  Followup | GRB-associated SN. Last chance before bright
time! (brad)  

pending  

2013-
08-03  

Keck1+LRIS  4.0  Followup | (sumin)  pending  

2013-
08-12  

APO+DIS  4.0  Followup | (mansi)  pending  

Add to: 2013-08-12 APO+DIS (Mansi Kasliwal)  Priority: 1  (1=low, 5=high)

Request Type: Classification

Comment:       

COMMENTS
2013 Aug 04 sumin [info]: observed with LRIS 
2013 Jul 15 iair [info]: Observed at P200+DBSP (PA 166.1) 
2013 Jul 14 jesper [info]: Latest Keck spectrum (July 11) looks
like 2006aj close to Max. The fit with 98bw is less good. 
2013 Jul 11 sumin [info]: observed with lick 3-m kast, g-band
and R-band images 
2013 Jul 11 sumin [info]: observed with Lick Kast g-band
image, 130711 
2013 Jul 09 brad [info]: Broad features identified in NOT
spectrum (GCN 14994) are clearly visible. But it doesn't look
like an exact match to 98bw to me (see attached). [view
attachment] 
2013 Jul 08 robert [info]: Light curve is still fading as a
powerlaw (see attached plot). Could have been a break in the
LC before 10^5 seconds. [view attachment] 
2013 Jul 06 jesper [info]: interesting features, and about
right timing. Although some structure also in earlier spectra.
SNID attached. /jesper [view attachment] 
2013 Jul 06 avishay [info]: SN signatures seem to be already
emerging, as light curve decline slows down. Comparison with
SN 1998bw and SN 2006aj attached. [view attachment] 
2013 Jul 05 ofer [comment]: Quick reduction (to be
compared with final one) 
2013 Jul 04 mansi [redshift]: 0.145 
2013 Jul 04 iair [info]: Observed with P200+DBSP 
2013 Jul 03 iair [redshift]: 0.145 
2013 Jul 03 iair [comment]: possible redshift based on
narrow H, O I, O III 
2013 Jul 03 eric [info]: Observed with P200-DBSP 130703 
2013 Jul 03 duncan [info]: There is a Fermi/LAT detection
(GRB130702A). The best LAT on-ground location is found to
be: RA, DEC = 216.4, 15.8 (J2000), with an error radius of 0.5
deg (90% containment, statistical error only) This position is 4
deg from the best GBM position (RA, Dec = 218.81, +12.25
with a 4 deg radius), and 0.8 deg from the position of the
optical afterglow. 
2013 Jul 02 eric [info]: Observed with P200-DBSP 130702 
2013 Jul 02 duncan [info]: Final Fermi GBM position: +14h
35m 14s, +12d 15' 00" (218.810d, +12.250d) (J2000) Error 3.99
[deg radius, statistical only]
http://gcn.gsfc.nasa.gov/other/394416326.fermi 
2013 Jul 02 mansi [info]: Triggered P60, P200, GROND and
Swift 
2013 Jul 02 duncan [info]: Observation triggered by
Fermi/GBM trigger Fermi394416326 
2013 Jul 02 ofer [info]: Very bright. No previous photometry.
Well separated from potential host. 
2013 Jul 02 ofer [type]: Transient 
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Figure 1. P48 imaging of GRB 130702A and discovery of iPTF13bxl. The left panel illustrates the γ-ray localizations (red circle: 1σ GBM; green circle: LAT;
blue lines: 3σ IPN) and the 10 Palomar 48 inch Oschin telescope (P48) reference fields that were imaged (light gray rectangles). For each P48 pointing, the
location of the 11 chips are indicated with smaller rectangles (one CCD in the camera is not currently operable). Our tiling algorithm places a large weight on
the existence of deep P48 pre-explosion imaging (a necessity for high-quality subtraction images); the large gaps inside the GBM localization are fields without
these reference images. The small black diamond is the location of iPTF13bxl. The right panels show P48 images of the location of iPTF13bxl, both prior to
(top) and immediately following (bottom) discovery. We note that the LAT and IPN localizations were published after our discovery announcement (Singer et al.
2013).
(A color version of this figure is available in the online journal.)

foreground contaminants. Here, we present our discovery of
iPTF13bxl, the afterglow of the Fermi GBM GRB 130702A
found by searching a sky area of 71 deg2 with the intermediate
Palomar Transient Factory (iPTF).

2. DISCOVERY
On 2013 July 2 at 00:05:23.079 UT, the Fermi GBM de-

tected trigger 394416326. The refined human-generated (i.e.,
ground-based) localization, centered on α = 14h35m14s, δ =
12◦15′00′′ (J2000.0), with a quoted 68% containment radius
of 4.◦0 (statistical uncertainty only), was disseminated less
than an hour after the burst (Figure 1).
Fermi-GBM GRB positions are known to suffer from sig-

nificant systematic uncertainties, currently estimated to be
≈ 2◦–3◦. To characterize the full radial profile of the lo-
calization uncertainty, our GBM-iPTF pipeline automatically
computed a probability map for the event modeled on previ-
ous Fermi/Swift coincidences from 2010 March 30 through
2013 April 4. We fit a sigmoid function:

P(r) = 1
1+ (c0r)c1

(1)

where r is the angular distance to the Swift location, nor-
malized by the in-flight or ground-based error radius for that
burst. We find c0 = 1.35, c1 = −2.11 for in-flight GBM lo-
calizations and c0 = 0.81, c1 = −2.47 for ground-based GBM
localizations (Figure 2).
Image subtraction within iPTF is greatly simplified by ob-

serving only pre-defined fields on the sky; this ensures that
sources will fall on approximately the same detector location
from night to night, minimizing a possible source of system-

atic uncertainty. Using a Hierarchical Equal Area isoLatitude
Pixelization (HEALPix; Górski et al. 2005) bitmap represen-
tation of the probability distribution of the trigger location, we
chose 10 of these pre-defined fields to maximize the probabil-
ity of enclosing the true (but still unknown) location of the
burst (Figure 1). In this particular case, the ten selected fields
did not include the center of the GBM localization because
we lacked previous reference images there. Nonetheless, we
estimated that these ten fields had a 38% chance of containing
this GRB’s location. Given the youth, sky location, and prob-
ability of containment, we let our software trigger follow-up
with the P48.
Starting at 04:17:23 UT (∆t ≡ t − tGBM = 4.2 hr), we im-

aged each of these ten fields twice in 60 s exposures with the
Mould R filter. These fields were then subjected to the stan-
dard iPTF transient search: image subtraction, source detec-
tion, and “real/bogus” machine ranking (Bloom et al. 2012;
Brink et al. 2013) into likely astrophysical transient sources
(“real”, or 1) or likely artifacts (“bogus”, or 0).
The iPTF real-time analysis found 27,004 transient/variable

candidates in these twenty individual subtracted images. Of
these, 44 were eliminated because they were determined to be
known asteroids in theMinor Planet Checker database15 using
PyMPChecker.16 Demanding a real/bogus rank greater than
0.1 reduced the list to 4214. Rejecting candidates that coin-
cided with point sources in Sloan Digital Sky Survey (SDSS)
brighter than r′ = 21 narrowed this to 2470. Further requir-
ing detection in both P48 visits and imposing CCD-wide data
quality cuts (e.g., bad pixels) eliminated all but 43 candidates.
15 http://www.minorplanetcenter.org/iau/mpc.html
16 http://dotastro.org/PyMPC/PyMPC/

Singer, Cenko, Kasliwal, Perley, Ofek, DAB, et al. Astrophys J Letters 766 L34 (2013)

iPTF 13bxl: Discovery of Optical Counterpart in 71 deg sq 



• The convergence of

• Gravitational-wave experiments

• Numerical and analytical relativity

• Modeling of electromagnetic sources

• Wide-field optical telescopes

• will give us the tools to revolutionize our 
astrophysical knowledge of the universe



What has LIGO 
seen so far?



Neutron star binaries visible in

Milky Way
(~ 50 kpc)

Andromeda
(~700 kpc)

Virgo Cluster
(20+ Mpc)

September 2002 March 2003 September 2005+

Sensitivity Progress

Abbott, ..., DAB, et al. PRD 69 122001 (2004 ) Abbott, ..., DAB, et al. PRD 72 082001(2005)
Abbott, ..., DAB, et al. PRD 79 122001 (2009)
Abbott, ..., DAB, et al. PRD 80 047101(2009)
Abadie, ..., DAB, et al. PRD 82102001 (2010)



• All LIGO and Virgo data up to October 20, 
2010 has been searched for binary neutron 
stars and binary black holes

• No gravitational-wave candidates found

Abadie, ..., DAB, et al. PRD 85 082002 (2012)
Aasi, ..., DAB, et al., PRD 87 022002 (2013) 



Blind Injection Challenge

• A loud candidate was found by the search

• False alarm rate was 1 in 7000 years

• A detection paper was written and 
approved for submission to Physical Review 
Letters

• Then we found out it was an injection...



Blind Injection Challenge
• End-to-end test of detection capability in 

LSC-Virgo collaborations

• An inspiral signal was injected into the data 
without the knowledge: only three people 
in the collaboration knew

http://www.ligo.org/news/blind-injection.php

http://www.ligo.org/news/blind-injection.php
http://www.ligo.org/news/blind-injection.php
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Hobbs et. al. (arXiv:0812.2721)

The Gravitational-Wave Spectrum



The future is bright for 
gravitational-wave 

astronomy


